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Abstract

With increasing use of grouted post-tensioned tendons in structures, there is a
critical need for equipment to determine deficient grouting. Inadequate grouting can
cause dangerous corrosion of the high-strength post-tensioning steel in the tendons.
Evaluation should be non-destructive, and early detection is needed to take timely
remedial actions to repair or replace any tendons that are affected before catastrophic
failure occurs. In particular, there is need for an imaging method that shows the crosssection of the tendon being tested and flag any deficiencies present relative to the
location of the strands in the cross section. The method should be rapid, economical,
and not require specialized training, so as to allow for wide implementation.
A combination of both impedance and magnetic non-destructive sensors meeting
those requirements has been pioneered by previous work performed at the University of
South Florida. However, in that work, the measurement devices were suitable for
laboratory use, but not optimized for field use. Specifically, only one sensor could
acquire data at a time, and the system was not integrated into a single portable unit. It
was important to investigate how the two sensors could be efficiently combined and
optimized for extended field use while still maintaining adequate performance. This work
implemented the integration of the two non-destructive sensors and was demonstrated
in field structures.

v

The MARK III Field Tendon Imaging Unit (FTIU) created here combines both sets
of sensors in a compact 3D-printed shell. The unit contains a high frequency signal
generator, an impedance measuring circuit, a capacitive coupler to the tendon that
identifies through impedance changes the presence of grout deficiencies, and a
magnetic force measuring system that identifies and images the position of the steel
strand bundle. The unit is capable of operation in commonly used 4.5-inch and 3.5-inch
diameter bridge tendons, tolerant of irregular tendon shape, and designed for fast and
economic replication. Operation does not require highly specialized personnel and
images are obtained and displayed in a few seconds. Testing was conducted with inhouse cast tendons with specific purpose built grouting deficiencies and field tendons
that are currently in use in Florida Department of Transportation bridges. As field tests
were performed, the unit was updated to reflect any areas that needed improvement.
The real time cross-sectional tendon images that were generated with this unit
successfully identified areas of deficient grout. The designed FTIU successfully met the
target need for a compact, lightweight, rapid, non-destructive, economical device to
determine in the field grouting deficiencies in bridge tendons.

vi

Chapter 1: Introduction

1.1 Background
Post-tensioned structures using external tendons are an important component of
the national infrastructure. In a typical segmental post-tensioned bridge, concrete
segments of the bridge body are held together by multiple tendons that have been
stretched to provide residual compressive loads on the concrete segments [1]. Some of
the tendons (“internal tendons”) have ducts that have been cast inside the concrete
segments. Other tendons (“external tendons”) have much of the duct not encased in
concrete as shown in Figure 1. Typical external tendons contain multiple (e.g. 19-22)
high-strength pearlitic steel (1.86 GPa, or 270 ksi) strands that are placed inside a highdensity polyethylene (HDPE) duct of uniform thickness [1].

Figure 1: External 4.5-inch diameter tendons inside John Ringling Causeway Bridge,
Sarasota, Florida. Photos by D. Dukeman.
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The strands, typically nominal ½-inch diameter, are each made of seven spiral
wound wires [1]. Wedged anchors at each end of the tendon (which can be many tens
of meters long) secure the strands at a fixed tension. After tensioning of the strands, the
polymer duct is filled with a cementitious grout that, once cured, serves to protect the
steel by creating a high pH (>~13) environment that promotes formation of a passive
film on the steel surface [1]. This passive film effectively prevents corrosion on the
surface of the steel reducing the need for expensive materials such as stainless alloys.
Additionally, the grout, once hardened, allows some of the load to be mechanically
transferred to other strands through friction if one of the strands were to break, providing
some added tolerance to damage [1]. Typical loads supported by external tendons are
very large, on the order of 106 N, so relatively few tendons provide the structural
integrity to a given bridge span [1]. Therefore, tendons are considered critical structural
components as damage to one or more nearby tendons could lead to catastrophic
failure of the structure [1].
Tendon failures have been ascribed in multiple occasions to corrosion of the
steel strands [1, 2] as illustrated in Figure 2. Exploration of causes and control of
corrosion has accordingly received increased attention. Inadequate grouting has been
found to be one of the sources of corrosion of post-tensioning steel in grouted tendons
used in construction applications. Local grouting deficiencies include voids where bleed
water existed and were later reabsorbed elsewhere or evaporated, regions of chalky low
strength grout, and regions where excessive water content or even free water is present
[1, 2]. In those zones, mechanical bonding of strand to the grout is degraded. More of
concern, in those deficiencies the alkaline conditions may not exist or chemical
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contaminants may concentrate. Conditions for passive film stability are compromised,
and the strand steel risks corrosion failure. Scheduled inspections should be made in
existing bridges and, if possible, during the construction phase of new bridges so that
early remedial measures can be taken to replace any tendons that are affected before
catastrophic failure occurs. As tendons are critical structural components, it is important
to detect those deficiencies non-destructively, so as to not adversely affect the steel
strands inside of the tendons.

Figure 2: Example of tendon failure due to corrosion of the strands, John Ringling
Causeway Bridge. Unraveling of spiral-formed 7-wire strands results from sudden stress
relief. Source: Final Report, Corrosion of Post-Tensioned Tendons with Deficient Grout,
FDOT Research Project BDV29-977-04, S. Permeh, K.K. Krishna Vigneshwaran, and
K. Lau, Florida International University, October 2016. Reprinted with permission.

There are numerous non-destructive technology (NDT) methods for grout
deficiency detection, but many are expensive, relatively slow, and require extensive
operator training [4]. Therefore, many of these methods are not regularly implemented
on a preventative maintenance schedule. Remaining methods such as simple visual
inspection or hammer sounding may not be effective enough, and better alternatives are
needed. To address this need, Florida Department of Transportation (FDOT), which has
a very large inventory of structures with external post-tensioned grouted tendons,
funded projects to develop new NDT methods that are rapid, economic, and require little
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operator training. Particularly desired is an imaging method that would show the crosssection of the tendon and visually flag any deficiencies present showing their location in
respect to the strand bundle.
While a few different types of tendon imaging methods have been used for
determining inadequate grouting [4], simultaneous imaging of both grout and strand by
impedance and magnetic NDT has been pioneered by previous work [5]. The objective
of that work was to develop for field application a NDT method to image strand position
and grouting anomalies inside the cross-section of external post-tensioned tendons [5].
Furthermore, the work developed a laboratory prototype of that technology. The work
succeeded in creating the basic components of a strand imaging sensor and a
complementary grout deficiency sensor [5]. However, in that work, the measurement
devices were designed for laboratory conditions and were not suitable for field use. For
example, the laboratory prototype used two completely separate magnetic array and
impedance sensors. This meant only one sensor could acquire data at a time, and the
system operation was not integrated. Moreover, the method was demonstrated using
standard electronic laboratory equipment of large dimensions and laborious data
processing methods that required hand recording and hand entering of data to produce
the composite cross-section image.
Therefore, it was important to investigate how the two sensors could be efficiently
combined and optimized for extended field use, and to design, produce, and
demonstrate a working unit. That design, development, and deployment are the
subjects of the present work.
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1.2 Overall Approach
The main use of the device developed under this work is to obtain a crosssectional image of the tendon that can reveal deficiencies in the grout of the types,
noted earlier, and their spatial relation to the bundle of steel strands. The primary
challenge that arises is how to image through the polymer duct nondestructively, without
interfering with the internal tendon conditions. The opaque polymer duct hides the steel
and grout assembly so simple visual inspection can only yield minimal information about
the inner assembly unless gross distress of the strands exists [4]. The approach used in
this work was to first detect the position of the strands by magnetic measurements [5,
6]. Then the grout quality, located in the space between the strand and the inner duct
wall, was assessed by an electrical impedance measurement [5].
The simplest form magnetic structure is known as a magnetic dipole [7]. A
magnetic dipole is created when the internal atoms of the structure align themselves
within the structure. The individual atom is composed of two charges with opposite
signs, the positive nucleus and the negative electrons. In the case of most atoms and
ions, the randomly orbiting electrons are balanced, resulting in no residual magnetic
properties [7]. For some atoms however, the randomly orbiting electrons are not
balanced, creating an atomic magnetic dipole [7]. For pure elements of iron, nickel, and
cobalt in a solid state, a special interaction between adjacent atoms inside the crystal
lattice is formed called exchange coupling [7]. This special interaction allows for a high
degree of magnetic alignment between atoms within the crystal lattice [7]. These
elements and some alloys containing these elements, known as ferromagnetic
materials, can experience magnet properties if influenced by an outside magnetic field.
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For the magnetic measurements, a commonly available disk-shaped permanent
dipole magnet near the surface can provide a magnetic field of sufficient reach in the
dimensions of interest (into the tendon). The presence of the ferromagnetic steel
strands in this field creates a measurable attractive force on the dipole magnet. The
attractive force is measured by affixing the magnet to a micro-load cell positioned so the
disk face of the magnet is normal to the radius of the tendon cross section, and at a
fixed distance to the external surface of the tendon duct [5, 6]. The amount of attractive
force is greater or smaller if the strand bundle surface is nearer or further respectively
away from the magnet. The force-distance behavior follows well-established laws so the
force measurement can be readily converted into a radial distance value [5, 6]. Thus,
the magnetic measurements provide precise information on the location of the strand
bundle within the polymer duct.
The electrical impedance measured was that of the capacitor formed between a
metallic sensing plate placed on the external surface of the tendon, and the metallic
strand assembly inside the tendon. The strands are all shorted together by the metallic
anchor, which in Florida bridges is usually electrically grounded to the metallic concrete
reinforcement of the bridge. The electrical impedance is a complex measurement of real
and imaginary parts. Of these, the imaginary part provides the most description about
the grout quality; however, by measuring the modulus of the impedance, grout quality
can be sufficiently indicated [5]. That modulus has a component due to the presence of
the polymer duct, and another component due to the intervening grout. The duct
component is nearly constant, reflecting the uniformity and thickness of the duct wall, so
any changes in the overall impedance can be related to changes in the grout condition.
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Overall, the two nondestructive methods have been integrated to implement this
novel technology for generating a cross-sectional image of the tendon that can reveal
deficiencies in the grout and their spatial relation to the bundle of steel strands. In the
simplest arrangement, illustrated in Figure 3, both magnetic and impedance sensors
can be accommodated at opposite points of the circumference of a rotating sensing
assembly, creating an integrated imaging unit that can be positioned along successive
places on the tendon length.

Plate-Strand Bundle
Impedance
Measuring Circuit

Centerline
Sensing Plate
Void or
deficiency

Microcontroller

Duct

Grout

To
Computer
and Display
Attractive
Force

Strands
Magnet

Signal
Conditioner

Micro-Load Force
Measuring Cell

Figure 3: Schematic illustration of simplest arrangement of both sensors on tendon
cross-section. Both sensors rotate together around the duct. The impedance
measurement is made between the sensing plate and the interconnected strand bundle.
Patent pending.
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Signal conditioning and initial processing take place on an onboard electronic
processor placed at the unit. Further processing is handled by executable software at a
computer linked to the traveling combined module. The resulting images can be
examined in succession resulting in a tunneling view of the tendon interior with flagged
grout irregularities. This overall concept was developed and implemented in a compact
design for field-testing in the present work, with details provided in the following
chapters.

1.3 Field Tests, Demonstrations, and Optimization
Field tests using the unit that was developed in this work were conducted in posttensioned structures chosen in consultation with the Project Manager and appropriate
Florida DOT offices. The field tests were conducted in cooperation and coordination
with personnel from the State Materials Office (SMO) concerning access to the site and
initial familiarization of Florida DOT personnel with the methodology and equipment to
be used.
The imaging unit and operating software was optimized and reevaluated via
multiple field tests. The improved system was implemented for each field test, and a
finalized working prototype was produced and delivered to Florida DOT with operating
instructions, laptop computer with executable code, and manual attached as Appendix
B. The field test experience is summarized in Chapter 5 of this thesis. In addition to field
tests, phantom tendons were cast in-house to demonstrate sensitivity to different
grouting deficiencies. In order to create the deficiencies, during casting, several pieces
of styrofoam were cut and placed inside the duct. Once the grout was cured, a small
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hole was drilled in the duct wall over the styrofoam pieces. After, a solvent was
introduced that would dissolve the styrofoam and evaporate, leaving an air void behind.
The resulting air voids extend from the inside of the duct wall to the outside of the strand
bundle. From here, regions of unhydrated low-strength grout were replicated by
introducing loose grout powder into the air void and sealing with a polymer plug. In
addition, areas of free water were replicated by introducing water into the air void and
sealing with a polymer plug.

1.4 Research Objective
The research objective for this thesis project was to engineer a cost effective
novel device capable of non-destructive rapid imaging of a tendon’s cross-section while
only requiring minimal operator training for field use. Creation of this novel device
involved unit design, development of operating hardware and software, and verification
of functionality under lab and field conditions. The primary challenge that arises is how
to image through the opaque polymer duct nondestructively, without interfering with the
internal tendon conditions.
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Chapter 2: Design of Unit Hardware

2.1 Performance Goals
Based on previous work performed at the University of South Florida [5], the
Field Tendon Imaging Unit (FTIU) was designed and developed with the following target
performance goals:


Reliable impedance measurements with a robust sensing plate.



Contact-less angular positions measurements.



Flexible clamshell design to accommodate the two common tendon sizes of 3.5-inch
and 4.5-inch nominal diameter tendons along with cross-sections deviating from
circular into elliptical shape up to major/minor axis ratio (ellipticity) of 1.1.



Small radial overburden (e.g., < 1.5-inch for 4.5-inch nominal diameter tendons) and
compact body (e.g., < 5-inch) to avoid contact interference with adjacent tendons or
walls near the tendon that is being imaged.



Data acquisition and display of a computer generated imaged cross-section within
10-seconds.



Portable operation with automatic data storage, automatic file organization, and
minimal need for operator training.



Low cost of construction, operation, and replication.
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2.2 General Unit Configuration
To achieve the performance goals, a configuration was adopted as described
below. The FTIU physical arrangement adopted is shown schematically and in
photographs in Figures 4 and 5 respectively. The clamshell assembly is a manually
rotated unit that contains a single sensing magnet and a single sensing capacitive plate,
set approximately 180-degrees out of phase from each other (Figure 3) in the same
cross-sectional plane of the tendon. This design allows both sensors to rotate around
the perimeter of the same cross-section in one full turn. For operation, detailed in
Appendix B, the unit is first placed on a horizontal surface for startup calibration. This
calibration is used to reduce any drifting of the gyroscopic measurements and zeros out
the magnetic sensor. Once finished, the clamshell is placed on the starting place of the
tendon and closed, ready to be imaged.
After a start command is sent to the computer by the operator, and an audible
beep signal is produced, the unit is then manually rotated one full turn, producing a
second beep signal when the turn is completed. During rotation, the unit records the
angular rotation, magnetic force, and impedance data that are sent together with
inclination data to the laptop computer via a USB cable. Immediately afterwards, the
data are processed, and an image of the cross-section is displayed on the computer
screen. The instrumentation used for data generation and processing is schematically
described in Figure 8. The user can then repeat the image or move to the next place to
image with the software automatically keeping track of the current place and saving the
data accordingly. In addition, the user can calibrate the unit for increased sensitivity if an
area of reasonably sound grout is known.
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ADC

Magnet

Micro-Controller

Micro Load-Cell

Signal Generator

ADC

Accelerometer
&
Gyroscope

Impedance Plate

Impedance Circuit

Figure 4: Schematic diagram of the FTIU physical arrangement. Patent pending.
Source: Final Report, Field Demonstration of Tendon Imaging Methods, FDOT
Research Project BDV25-977-52, D. Dukeman, H. Freij, A. Sagüés, C. Alexander,
University of South Florida, July 2019. Reprinted with permission.
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Figure 5: Picture of the FTIU physical arrangement. Photos by D. Dukeman. Patent
pending. Source: Final Report, Field Demonstration of Tendon Imaging Methods, FDOT
Research Project BDV25-977-52, D. Dukeman, H. Freij, A. Sagüés, C. Alexander,
University of South Florida, July 2019. Reprinted with permission.
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2.3 Magnetic Strand Position Determination Details
The magnet used in the FTIU has a magnetic moment in the order of ~4 A•m2
and creates attractive forces to the ferromagnetic strand bundle that can reach ~1N at
the closest operating distances. The magnet is attached to a rigid force-sensing element
of the type used in electronic balances. The unit design allows for the magnet to ride in
the center of an array of 4 ball-bearing rollers, maintaining a minimal distance, h, in the
order of 2 mm above the outer surface of the duct, as long as duct ellipticity does not
exceed the design target. During unit rotation, the operator is instructed to press on an
indentation on the side of the unit, directly above the center of the magnet, to ensure
proper contact of the rollers and therefore maintain a consistent distance h. Finally, as
the unit reads the magnetic force, that data is sent to the laptop for further analysis.
The magnet force data is saved to the text file in the form values FR in sensor
units and synchronous with the time array. The sensor has been pre-calibrated, one
sensor unit corresponding to ~3•10-3 N, and auto-zeroed each time the unit is connected
to the laptop computer to remove any native signal offset so 0 units correspond to 0 N.
The recorded value of FR is affected to some extent by convolution with the forcesensor and data processing step function response - an effect not unlike motion blur in
a photograph with an unsteady camera [5]. To sharpen the response, the FR(t) signal is
subject to deconvolution based on independent determination of the step response of
the sensor, simplified as an exponential response with a characteristic time [5, 6]. The
default value for that parameter is =0.065 and the signal is processed accordingly as
indicated in previous work [5], to obtain a deconvoluted force function F(t). All relevant
system parameter defaults are further listed in Table 1.
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Table 1: Data acquisition and processing parameters. Source: Final Report, Field
Demonstration of Tendon Imaging Methods, FDOT Research Project BDV25-977-52,
D. Dukeman, H. Freij, A. Sagüés, C. Alexander, University of South Florida, July 2019.
Reprinted with permission.
Parameter
Symbol

Typical /
Units
default Value

Notes

R0

4.95

cm

Inner radius of tendon duct

D

12.7

cm

Outer tendon duct diameter

Pt

0.70

cm

Wall thickness of tendon duct

grout

1.00

-

Relative magnetic permeability of
grout

n’

3.185

-

Exponent of power law dependence
between force and distance
between magnet and strand
envelope bundle [5]

k

621.5

sensor units • cmn’

Proportionality constant of power
law dependence [5]



0.065

s

Force sensor time constant [5]

W

0.32

cm

Magnet thickness

h

0.2

cm

Distance between magnet face and
outer duct surface

Mw

69

sensor units

Magnet weight

MPU6050_Radius 2

cm

Distance from accelerometer sensor
and outer duct wall

 offset

180

degrees

Angle offset difference between
force and impedance sensors

S

Varied

degrees

Tendon inclination slope

R

Varied

degrees

Angle of FTIU rotation from starting
position

m

0.75

-

Fractional exponent for graphic
display

ag

9.797

m/s2

Acceleration of gravity

ZH

30

kohm

Impedance for full void location

ZL

15

kohm

Impedance for sound grout location
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2.4 Impedance Grout Condition Detection Details
The original capacitive sensing plate was made of a thin (0.020-inch) copper
plate bonded to a low-density foam support. During initial field tests, it was evident that
the thin copper was not durable enough. Therefore, a new robust sensing plate was
designed and fabricated. The new sensing plate is made of articulated stainless steel
elastic segments, of the type used in commercially available wristwatch bands. The
assembled plate measures 5 cm x 5 cm square, and is pressed closely against the
surface of the duct by a combination of the elastic property associated with the
interconnection of the wristwatch band links and additional springs in series. This
construction is more robust and durable than the copper plate, and allows the plate to
tightly fit during rotation against the duct eliminating intervening air space. Despite that,
the construction also minimizes friction that would otherwise displace the plate from its
intended position, as well as tolerates the minor duct surface scratches and similar
irregularities normally present in tendons in the field. The construction also allows for
correct operation even if the surface has ellipticity within the design target.
The measured impedance may be seen as the sum of the duct wall impedance nearly constant- and the impedance of the grout space intervening between the duct
and the strand bundle [8]. This is illustrated schematically in Figure 6: Top. In the case
of normal grout, the grout space impedance is expected to be a finite, modest value
given by the appreciable effective dielectric constant and conductance of sound grout
[8]. Deficiencies such as grout voids would, on the other hand, diminish the conductive
path and average dielectric constant, thus resulting in a marked increase in impedance
compared to that of sound grout [8].
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Plate

Duct

ZDuct

Grout

Void or
Deficiency

Steel Strands

ZGrout

Figure 6: Top: Example idealized electrical path for impedance sensor. The path starts
from the sensing plate of the FTIU, through the duct, through the grout (of unknown
condition), ending at the steel strands. Bottom: Simplified equivalent circuit containing
two impedances in series.

The simplified equivalent electrical circuit of the impedance measurement
(Figure 6: Bottom) includes the series combination of the impedance due to the polymer
duct, ZDuct, and the impedance due to the grout quality, ZGrout. In a typical DC electrical
circuit, the current would not pass through the duct because the thick polymer acts like
an electrical insulator. This effect can be obviated by the use of alternating currents at
high frequencies. As the frequency increases, the contribution of the Z Duct decreases
and the contribution of the ZGrout becomes more relevant. Choosing a frequency that is
high enough to show sensitivity over voids and low enough to not warrant specialized
hardware was one of the main challenges for determining grout quality.
17

Based on tests performed in previous work at the University of South Florida [8],
where several high-frequencies were tested and modeled as possible driving
frequencies for the impedance circuit, 1-MHz was chosen as an ideal compromise
between sensitivity and specialized hardware [8]. At frequencies below 1-MHz, the
sensitivity to grout deficiencies was low due to the overwhelming contribution of the
ZDuct [8]. At frequencies above 1-MHz, the sensitivity was there; however, hardware
limitations emerged as some of the electrical components used to measure the
impedance (e.g. resistors, capacitors, and diodes) began to diverge from their ideal
behavior [8]. Future improvements to this method involve implementing frequencies
higher than 1-MHz as more specialized hardware becomes available in addition to the
use of multiple frequencies.
The unit measures the impedance of the tendon by means of a high-frequency
electrical bridge circuit. The 1-MHz driving signal for the bridge circuit originates from
the onboard signal generator and is sent through a DC isolating step-up transformer.
The rectified and filtered bridge output is proportional to the modulus of the impedance
between the sensing plate and the strand bundle. If the grout is sound and free of any
voids or deficiencies, then the conductive path from the plate, through the grout, ending
at the strand bundle is finite, and the impedance is nearly constant. If, however, an air
void is present in the grout, then the conductive path will diminish and the impedance
from the grout will increase dramatically. As the unit measures the impedance, that data
is combined with the magnetic and position data and sent to the laptop. From there the
data is filtered, conditioned, and processed in order to generate the cross-sectional
image of the tendon.
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2.5 Unit Components
The FTIU with the laptop is a self-contained system that can operate freely
without a need for a 120VAC electrical outlet. As shown in Figure 7, within the FTIU, all
the components are connected to a main microcontroller which does the following:


Powers the signal generator that originates a 1-MHz sine wave signal for impedance
measurements.



Powers the magnetic sensor, and a gyroscope/accelerometer board.



Compiles all the data from the components and transmits the data to the laptop
computer which then analyzes the data via executable MATLAB code.

FTIU

Figure 7: FTIU instrumentation block diagram. Patent pending. Source: Final Report,
Field Demonstration of Tendon Imaging Methods, FDOT Research Project BDV25-97752, D. Dukeman, H. Freij, A. Sagüés, C. Alexander, University of South Florida, July
2019. Reprinted with permission.
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2.6 Construction and Functional Features


The FTIU was assembled on a 3D-printed clam-shell frame printed from a
polylactide acid (PLA) thermoplastic filament. This frame contains cutouts for the
onboard Arduino Mega 2560 microcontroller and the various electronic circuit
boards. The frame clamshells open to wrap around the tendon and secures closed
with a non-ferric rod. To print all of the required parts for one unit, less than 500grams of PLA filament are used.



The FTIU rides on commercially available 605 ball bearings to enable low resistance
movement around the perimeter of the tendon. These bearings also prevent the unit
from deviating longitudinally down the tendon during a scan around the crosssection.



The FTIU utilizes an Arduino Mega 2560 microcontroller that compiles and sends
data to the laptop computer per operator prompts.



The impedance module consists of a driving circuit that has a 1-MHz signal
generator built with an AD9850-based board. The signal goes to a DC isolating radio
frequency (RF) transformer that feeds an RF bridge provided with a diode rectifier.
The rectified and filtered bridge output is then read by an ADS1115-based analogdigital converter (ADC) board that communicates with the microcontroller.



The magnetic strand position detection module consists of a HX711 ADC board
wired to a four wire micro-load cell. A magnet is epoxied to a stainless machine
screw and attached to the threaded, free end of the load cell. The height of the
magnet is set with an additional tapped hole in the side of the free end of the load
cell for a set screw. The output from the board goes to the microcontroller.

20



Readings of the accelerometers and high-precision gyroscope, both contained in the
MPU6050 circuit board, are used by the computer to determine tendon inclination
and angular position of the FTIU. As a result, no physical contact with a riding wheel
or similar transducer is needed for angular position tracking (which had been used in
a previous version of the magnetic imaging method).



An electronic buzzer is located by the hole in the frame near the blue line in the side
of the unit. This buzzer lets the operator know when to start and stop rotation of the
unit during imaging.



The outer perimeter of the entire FTIU is contained within ~1.5-inch from the external
duct (4.5-inch nominal) perimeter surface.
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Chapter 3: Software and Data Processing

All of the field units contained an Arduino Mega 2560 microcontroller. This
microcontroller was chosen for several reasons; first, the Arduino platform is compatible
with a wide variety of commercially available 5-volt logic circuit boards. This includes all
of the circuit boards used in this unit except the custom impedance circuit board. In
addition, the Arduino platform did not require any special licenses to develop and
operate (unlike MATLAB). Finally, the microcontroller was ordered without the header
pins soldered, making the overall footprint thin enough to package inside the unit.
The Arduino Mega 2560 was loaded with a sketch containing all of the logic to
connect each of the components and compiles all of the raw data. This data is formatted
and sent to a MATLAB script operating on the laptop computer via a serial connection.
When the data arrives to the laptop computer, it is saved to a text file on the computer’s
hard drive with the current date and time stamp for easy organization. After the sketch
has determined the unit rotated past one full turn, the unit stops sending data to the
computer. MATLAB then reads the text file and produces the cross-sectional image of
the tendon after a scan is complete. The image is saved in the same directory as the
text file on the computer. The final MATLAB script was converted into an executable
program for ease of distribution. In addition, when using the executable program, the
operator is not required to have any MATLAB coding experience or any current
MATLAB licenses installed on the computer.
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3.1 On Board Data Processing
When the unit is plugged into the laptop computer and the MATLAB executable
is launched, the Arduino sketch starts the initial calibration of the gyroscope and the
zeroing of the magnet force sensor. After this, the unit is ready to start its first scan, and
the executable waits for the user’s start command. When ready, the user selects the
button to scan, and a signal is sent from the computer to the unit to start. The operator
is notified of the start of the scan with an audible beep from the unit. This beep was
chosen because it can be heard when inside the bridge with road traffic above.
As the FTIU is rotated during the scan, it sends to the computer an array of
applicable data with seven operating columns. The first column has time, t, at
approximately 0.1-second intervals recorded in milliseconds. The 2nd and 3rd columns
contain the synchronous force, FR, sensed by the magnet force transducer and the
impedance modulus, Z, reported by the impedance circuit. Columns 4 to 6 contain
accelerometer readings ax, ay, and az for the x (lengthwise tendon axis), y, and z axes,
respectively. Column 7 contains gyroscope readings, gx, for the x-axis. The overall
array covers a time interval on the order of 10-seconds, or about 100 rows per scan.
During the scan, the FTIU microcontroller determines when the unit has
completed a full rotation around the tendon. This is determined by internally integrating
the reading of angular velocity, gx, about the x-axis. This integration provides the
rotational angle, R, which is used to keep track of the current angular position. After
the current angular position is over 365 degrees, a beep sound provides the signal to
the operator that the rotation is completed. After, the unit is rotated back to its initial
position and ready for a repeat scan or to move to the next place to scan.
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3.2 Post-Processing and Display
The post-processing software is written for a Windows 10 platform in the form of
an executable MATLAB code. The user interface is optimized for a touchscreen laptop.
This optimization is in the form of easy-to-see pop-up windows with large buttons on the
screen that can be simply pressed by the user, limiting the need for the keyboard and
trackpad (or external mouse) use. If a touchscreen laptop is not available or the
touchscreen function is disabled, keystrokes can still be used to navigate the pop-up
windows in addition to trackpad (or external mouse) use. Operation and navigation
through the pop-up windows is detailed in the User Guide in Appendix B. The following
is a functional description of the way in which data are acquired and processed.
After the scan is complete and the text file has been saved, the executable
program reads the text file and imports the formatted values. First, the accelerometer
readings, ay and az, are used to trigonometrically compute the starting theta value of
the angle R with respect to the line joining the center of the tendon cross-section and
the apex (Figure 8) at the moment the rotation begins. This will account for any slight
misalignments between multiple scans on the same length of tendon. The starting theta
value is recorded, and then the reading gx is integrated to compute the change of R as
time progresses (similar to the microcontroller, but higher resolution). The constant
tendon slope angle S is trigonometrically calculated via the combined values of ax, ay,
and az, and used together with R for gravitational force corrections on the magnet
sensor. Information on the FTIU geometry is used to correctly register the data from the
force sensor and impedance sensor, by adding the appropriate angular offsets to
compensate for their different angular positions on the FTIU perimeter.
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θR

Cross-Section

Figure 8: Side and gyrated section view of a sloping tendon. This illustrates the tendon
slope angle S and FTIU rotation angle R (cross-section shown as viewed from the
lower end). The accelerometer and gyroscope x axes are oriented along the tendon
length. Source: Final Report, Field Demonstration of Tendon Imaging Methods, FDOT
Research Project BDV25-977-52, D. Dukeman, H. Freij, A. Sagüés, C. Alexander,
University of South Florida, July 2019. Reprinted with permission.

If the tendon orientation is horizontal or sloped (other than perfectly vertical), as
the FTIU turns, the weight of the magnet W M will introduce a gravitational component of
the force recorded by the magnetic sensor. That component must be subtracted from
the deconvoluted force, F, to obtain the force due to magnetic attraction only, FM.
Referring to Figure 8, for a tendon slope S and an angle of rotation R the gravitational
component correction is given by equation 1.
FM = F - W M • cos (S) • cos (R)

(Eq. 1)
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As W M is ~0.2 N, the gravitational component is significant enough for correction
to be necessary. There is also a centripetal force component to the deconvoluted force,
F, but calculations indicated at the current angular speeds and dimensions involved with
the unit; the contribution is usually small enough to be neglected [8]. An additional
correction to FM is tentatively introduced for cases where the grout may have a distinct
magnetic behavior, whereby the relative magnetic permeability µ grout is in excess of
1.00. As noted in previous work [8], some grouts may have values approaching µgrout =
1.02, a situation also encountered in some cementitious materials with magnetic
properties [9]. Experimentation with the magnet placed at distances in the order of 1cm
from hardened samples of those grouts indicated attractive forces in the order of 1•10 -2
N (~3 sensor units). Consequently, a subtractive correction constant equal to (µ grout - 1)
• 100 was applied tentatively to FM based on the assumed value of the grout relative
permeability. The correction defaults to zero for cases of assumed absence of grout
magnetic behavior and can be modified by the operator as noted in Appendix B. Based
on previous experimentation and modeling [8], the force experienced by the magnet in
close proximity to the steel strands follows an inverse force-distance power relation. The
value of FM after all corrections is then converted into distance dMS from center of
magnet to strand bundle envelope position per equation 2.
dMS = ( k / FM ) 1 / n’

(Eq. 2)

With constant parameter values k = 621.5 (sensor units • cm n’) and n’ = 3.185
obtained by calibration with a known steel strand position with respect to the magnet [8].
The value of dMS is then converted into distance dC from the center of the tendon to the
strand bundle envelope for plotting purposes given by equation 3.
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dC = ( D / 2 ) + h + ( W / 2 ) - dMS

(Eq. 3)

For equation 3, D is the tendon duct external diameter, h is the distance between
the face of magnet and tendon duct outer surface, and W is the thickness of the
magnet; all properties are known from FTIU construction and direct tendon
measurement. The value of dC is then used to construct a diagram of the strand bundle
envelope when creating the radial plot of the tendon cross-section.
From the text file, the impedance information is recorded in the form of an array
of impedance modulus values, Z, in ohms, synchronous to the time array. Experiments
and modeling indicated that for tendons of size comparable to those in the John
Ringling Causeway (4.5-inch nominal diameter), the value of Z when the sensor plate
rides over a region of sound grout is in the order of ZL = 15 kohm [8]. Likewise, when
the sensor plate is over a full void (Figure 9), extending from the strand bundle envelope
to the inner surface of the duct, the impedance is in the order of Z H = 30 kohm [8].
Within the executable, both values can be modified as shown in Appendix B. Further
tests indicated that a space filled with water tended to show a value <0.95•Z L [8].
Additionally, the program allows for a fine calibration of these values. For this
feature, the operator must identify a section of tendon that is reasonably assumed to be
sound. Then, after entering the fine calibration mode in the program and taking a scan
of the tendon, the program will average the “assumed sound” values for Z and set the
new ZL. After ZL is calculated, ZH is set to twice the value of ZL. The program will
generate the cross-sectional image and the operator will be prompted to accept the new
values or rescan. Once the values are accepted, the program remembers these values
in the local configure file in the same directory as the executable and text files.
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Figure 9: Example of full void cross-sectional image representation. Radial distance
markers (shown in gray) superimposed on the image for discussion. Patent pending.
Source: Final Report, Field Demonstration of Tendon Imaging Methods, FDOT
Research Project BDV25-977-52, D. Dukeman, H. Freij, A. Sagüés, C. Alexander,
University of South Florida, July 2019. Reprinted with permission.

In Figure 9 the outer black ring is scaled to correspond to the actual dimensions
of the polymer duct. At each rotation angle R, the length from the center of the section
to the inner duct diameter at each angle of the rotation pattern, is divided into three
regions. Region A, color-filled green, corresponds to the strand bundle, and the radial
length of A (dC) is obtained by equation 3. Region B (white) represents sound grout,
while region C represents a void. The radial length of segment B plus C is equal to the
inner duct radius, R0 minus dC. The partition between the lengths of B and C is allotted
by equation 4 with the void zone always assigned by convention closest to the duct.
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C / (B + C) = [(Z(R) - ZL) / (ZH - ZL)] m

(Eq. 4)

For purposes of image smoothing, before application of equation 4, the value of
Z is set to ZL if 0.95 <Z/ZL<1.15. The fractional exponent m was inserted to achieve
greater graphic emphasis of the irregularity manifestation as the capacitive plate
transitions between, for example, from being over a well-defined void to a sound grout
region [10]. Given the large angular span of the plate (~60-degrees), the transition
boundary becomes blurred, in a manner comparable to that of a convolution of
rectangular pulses [10]. Elevation to a fractional exponent creates a form of crude
deconvolution for visual representation [10]. A value of m=0.75 was chosen for the
present implementation of the sensor. It is noted that this display choice is a
semiquantitative adjustment subject to update in future development.
To obtain a color-coded overall pattern, equation 4 is used to obtain the radius
values at the boundary of each region and color fill assigned per the provisions of the
MATLAB platform. Nominal floor and ceiling levels of 1 cm and R 0 respectively were set
for the strand bundle envelope radial dimensions in case calibration variability or
measurement noise created visually unrealistic local patterns.
If the value of Z at a given rotation angle is <0.95 ZL, the region C is color-coded
blue designating a high water density region (either a water filled void or region with
chalky grout), with partition assigned per equation 4, but with ZL and 0.8 ZL substituting
for ZH and ZL respectively. For those situations the value of Z is set to 0.8•Z L if Z<0.8•ZL
before application of equation 4. This display mode should be considered as an
experimental feature as the differentiation between normal grout and high water content
grout spans a small impedance range at the 1-MHz range used.
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Chapter 4: Implementation Sequence

4.1 MARK I Developmental Field Unit
The MARK I Initial Field Unit (IFU) was the first developed assembly to contain
both the impedance and magnetic modules in one integrated unit. The modules
communicated to a single microcontroller that was connected to a portable laptop
computer. The magnetic and impedance modules were aligned such that they shared
the same R values determined from the accelerometer/gyroscope for simplicity of
measurement recording. The 3D printed frame allowed for custom mounting tabs for
each of the components and predrilled holes in each tab for easy assembly. The PLA
filament used for the frame and other components offered a reasonable strength and
weight with excellent reproduction cost and consistency of production. Concerns on
PLA’s tolerance to higher temperature are noted and preliminary field use seems to not
be an issue. This unit was designed specifically for 3.5-inch nominal diameter tendons.
Two identical in-house cast tendons, each with a single air void in the center of
the tendon and known strand configurations, were used for testing the unit. The IFU
was successfully able to identify sound grout and air void regions of the two tendons.
Because of this, the IFU was brought to the Sunshine Skyway Bridge to perform initial
measurements on field tendons and identify areas to improve. Those areas identified
included, improving the copper sensing plate, increasing the design diameter to include
4.5-inch nominal tendons, and improving the software used.
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4.2 MARK II Developmental Field Unit
The MARK II Field Unit was the successor to the IFU. Improving the design
started with increasing the durability of the impedance plate. Instead of soft copper,
durable stainless steel was chosen as the material to be used for the improved plate. In
order to accommodate any slight curvature changes or roughness on the surface of the
tendon, a flexible plate composed of several segments under tension with each other
was desired. With a combination of three stainless steel watchband segments, a robust,
flexible, conductive plate was created. The frame was improved with a new design for
threaded fasteners to be used for supporting the bearings, replacing the previous 3D
printed cantilever axle surfaces. The new design also allowed fast bearing changes
needed for initial course adjustment of the height of the magnet. The frame was also
repackaged to minimize the footprint with the larger tendon design.
To accompany the larger tendon diameter design, four new tendons were cast inhouse. These new tendons contained different strand bundle patterns along with
multiple different void configurations. During testing of the new tendons, it was found
that residual magnetic mass in the new grout mix was skewing images by enlarging the
indicated strand bundle reigns. This was compounded by the orientation of the magnetic
and impedance modules not being in the same cross-sectional plane. This resulted in a
redesign of the frame, how the modules align, and updated software for corrections of
possible magnetic grout. However, after attempting to scan a sample of tendon from the
field, it was determined that the hinging mechanism for accommodating eccentric
tendons could not compensate for the larger variations (as determined from the
samples in the lab). This unit was not taken to any bridges in the field for testing.
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4.3 MARK III Field Tendon Imaging Unit (Final Product)
The MARK III Field Tendon Imaging Unit (FTIU) was the successor to the MARK
II Field Unit. This unit used a new fixed frame design that included the addition of two
springs extending from the inside of the frame to the impedance plate. This would
effectively center the four bearings on the other side of the unit and form the flexible
impedance plate to the tendon’s surface while accommodating eccentric tendons. This
design would still hinge open to allow attachment to the tendon, but when attached, the
two halves would become rigid with the insertion of a non-ferric pin. The orientation of
the magnetic and impedance modules are 180 degrees apart in the same cross-section
(unlike the MARK I and early MARK II units). The FTIU was successfully able identify
sound grout and surface air void regions of the four in-house cast 4.5-inch nominal
diameter tendons. Because of this, the IFU was brought to the John Ringling Causeway
Bridge twice to perform measurements on field tendons and identify areas to improve.
During the first visit, the FTIU itself performed well and the identified areas for
improvement were related to the user interface and data storage. These areas included
too many keystrokes per image, limited touchscreen interface capabilities, and nontrivial variable modification. All of these were improved before the second visit with the
addition of the pop-up windows’ interfaces. The second visit was to demonstrate the
updated method in the field as a whole. This highlighted the capabilities of the method
in the field. In the areas scanned, no signs of significant grouting deficiencies were
found, and the unit and software performed well together. Following the visits, final
touchups were made to the software, and a finished unit and laptop computer with userfriendly executable code was delivered to FDOT.
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Chapter 5: Field Demonstration Activities

Activities performed during the design and development of the FTIU included
three site visits to local bridges, with the last visit being a demonstration. Below are the
locations and dates of those visits:


Visit to Sunshine Skyway Bridge on 8/21/18



Visit to John Ringling Causeway Bridge on 3/20/19



Visit to John Ringling Causeway Bridge on 4/30/19

5.1 August 21, 2018 Site Visit to Sunshine Skyway Bridge
The purpose of the visit was to do a preliminary examination of tendons’
dimensions, the clearances they had, and surface conditions in the field for identifying
which tendons are applicable for testing. In anticipation of subsequent activities, the
opportunity of the visit was used also to make preliminary evaluations of the
functionality of an initial version of the unit, the IFU. The results of this visit helped
improve the robustness of the design, specifically the thin copper plate.
Areas visited in the bridge were:


South end of main group span 106.



NB high approach span 105.



SB high approach span 105.
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The most accessible tendons in the bridge were 3.5-inch and 4.5-inch nominal
diameter tendons. These tendons had been repair-wrapped with a ~0.125-inch thick
polymeric sheet with folds that made the outside surface too irregular for normal IFU
operation. Moreover the wrap was made in ~3 ft sections, with an overlap of wraps ~2inch to ~6-inch long causing further variations in the size of the tendons. A tendon was,
however, evaluated that had a ~3.5-inch nominal diameter, but having a wrap with an
irregular rough edge. In preparation, the tendon was wiped with a cloth, and any loose
material was removed. Once ready, it was possible to clamshell the unit around the
wrapped tendon and conduct some trial runs, despite the wrap edge and irregularities
interfering with the rotation of the unit copper plate. During repeated test, the plate
became creased and bent, limiting further tests.
Notwithstanding those limitations, the IFU demonstrated battery-powered full
functionality under field conditions. This included providing a nominal cross-section
image of the tendon inner components. This visit helped the corrosion team at USF to
become familiar with field operating conditions and to identify the need for redesign of
some components. Of these, most importantly, the copper capacitor plate within the unit
needed redesign to be a more robust and firmer configuration that would be suitable for
these conditions. Additionally, the software that was used to acquire and save data from
the unit needed streamlining, as manual data saving and file renaming was arduous and
time-consuming in the heat of the day inside of the bridge. Redesign and testing of a
new robust plate and unit took place subsequent for use in the next field visits. This was
paired with updated software that included automatic data saving with time and date
stamps uniquely identifying each data file as they are acquired.

34

5.2 March 20, 2019 Site Visit to John Ringling Causeway Bridge
The purpose of this visit was to test the durability of the new FTIU. The John
Ringling Causeway Bridge was chosen because it contained tendons of the correct size
that had not been previously repair-wrapped, in contrast to the first site visit tendons,
and was within commuting distance. Once inside the bridge, two tendons were identified
for testing, both located on the nominally N side in the center section of Span 1. Figure
10 shows the orientation of the tendons inside Span 1. The first tendon tested (402L)
was located near the floor, ~1 ft and had plenty of room for rotating the unit. The second
tendon (401L) was located at head level ~6 ft from the floor and again had ample room
for rotating the unit.
Tendon 402L was evaluated at two places, labeled Test 1 and Test 4. Test 1
(Figure 11) was approximately 6 ft W of the lower deviation block that was near the E
end of the span. The tendon was nearly horizontal, sloping about 0.5 degrees down to
the E. The tendon section was slightly elliptical, measuring from 4.5-inch to 4.6-inch
(113 mm to 116 mm) in diameter and not repair-wrapped. In here, as in the other places
evaluated, after a quick wiping with a cloth, the surface of the tendon was smooth
enough for impedance scanning. The computer was placed on a ~12-inch x ~12-inch
metal sheet lying on the floor to ground the system.
Four groups of data (three images each, 12 in total, Figure 12) were collected at
the Test 1 place. In all cases, the magnet starting point was centered on the 12 o’clock
position on the tendon, and the FTIU was oriented with the side that connects to the
USB port facing toward the W end of the bridge. The data files were labeled
“032019H_402L_End_X” with X = 1 to 12 per the test execution order.
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401L
402L

401R
402R

Cross-sectional view of Span 1 as seen from Bird Key Park looking towards Span 2.

#3

#2

#4
#1

Side view of Span 1.

Span 2 

 Bird Key Park

Top view of Span 1.
Figure 10: Tendon layouts in Span 1 of John Ringling Causeway Bridge. Test places
identified by red circles and test numbers designating the 4 places evaluated.

36

Figure 11: Test place at Tendon 402L showing the field unit before (top) and after
(bottom) clamshell-mounting. Photos by D. Dukeman. Patent pending. Source: Final
Report, Field Demonstration of Tendon Imaging Methods, FDOT Research Project
BDV25-977-52, D. Dukeman, H. Freij, A. Sagüés, C. Alexander, University of South
Florida, July 2019. Reprinted with permission.
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The first three groups at Test 1 used the regular 10 ft USB unit connection cable
coiled with two rectangular ferrite blockers on the coiled section and a round ferrite
blocker on the end of the USB that connects to the FTIU. The fourth group used the
short USB cable with no ferrite blockers.
For grounding, the first group at Test 1 used an aluminum foil sheet on the floor
(shiny side down) and a thin piece of metal on top to weigh it down to the floor to form a
wired capacitive coupling ground with bridge. The second group was taken with a wired
electrical ground (connected to the ground of the work lights, connected to the ground of
the electrical system of the bridge). The third and fourth groups had no wire connection
to the ground terminal in the unit, relying on the capacitive coupling provided by the
computer via the USB cable.
Tendon 401L was tested at two places. The first (labeled Test 2) was directly
above the previous place (Test 1) on Tendon 402L. The Test 2 place was about 6 ft off
the ground. The tendon measured 4.4-inch to 4.6-inch (113 mm to 117 mm) in diameter.
The tendon sloped upward to the E about 2.5 degrees from horizontal. One group of
images (file names 032019H_401L_End_X, X = 1 to 3) was collected with the magnet
orientation the same as for 402L. This group used the same wired electrical ground as
group 2 of 402L.
After evaluations at the Test 1 and Test 2 places in the center of Span 1, another
two places were evaluated further into span 1. The two places chosen were Test 3 on
Tendon 401L and Test 4 on Tendon 402L, as shown in Figure 10. These two places,
one on top of the other were located further E into Span 1, closer to Span 2 and about 2
ft W from the upper deviation block.
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The Test 3 place on 401L was imaged with the operator standing on an 8 ft step
ladder and the computer elevated 6 ft by an assistant. Tendon 401L measured 4.4-inch
to 4.6-inch (114 mm to 116.5 mm) in diameter. One group of images (file names
032019H_401L_End_X, X = 4 to 6) was collected with the magnet oriented the same as
in the other cases. This group used the same wired electrical ground as group 2 of
402L.
The last place imaged, Test 4, was located on 402L with the operator and
computer configured the same as in Test 3. The tendon measured 4.4-inch to 4.6-inch
(113.5 mm to 116 mm) in diameter. The tendon sloped upward to the E about 9 degrees
from the horizontal. One group of images (file names 032019H_402L_End_X, X = 13 to
15) was collected with the magnet oriented same as for 401L. This group used no wire
ground (after the electrical ground wire became detached from the field unit during the
first data set).

5.3 April 30, 2019 Site Visit to John Ringling Causeway Bridge
Following further optimization of the FTIU system, this additional field visit was to
the John Ringling Causeway Bridge. This visit was conducted jointly with personnel of
the FDOT State Material Office, to test operation by FDOT field personnel and identify a
final list of items to be improved prior to delivery of the unit to FDOT. The test consisted
of repeat imaging of various locations examined in the previous visit, with emphasis in
evaluating user experience for improved performance. Of the items identified on the
final list of improvements, they were all associated with the operating software. The
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following factors were noted, and improvements in instrumentation and software were
conducted accordingly with the following results:


Simpler set up by launching one application instead of having to open and rearrange
several windows.



Simple one-touch trigger for regular imaging function instead of 3-4 keystrokes.



No timeout rush for completing rotations.



Automatic tendon slope angle measurement and recording for inclined tendons
without need of manual determination and entering into the software.



User enters first place number at the beginning of a series of image acquisitions on
a tendon instead of always defaulting to place number one.



Next places on tendon automatically numbered sequentially unless user flags test as
a repeat, then normal numbering automatically resumes after the repeat.



User can add notes if desired before moving to next place on tendon.



User can modify parameters if desired before moving to next place on tendon.



Automatic gravitational force data correction and corrected image layout for inclined
or vertical tendons (as chosen during the startup menu).



Increased tactile feel of sensor top (marking the location of the magnet).

All those features have been implemented as described in the Operation Manual
attached as Appendix B.
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Chapter 6: Unit Performance and Field Results

6.1 Performance
As discussed in further detail in previous work from the University of South
Florida [8], the FTIU provides consistent and reasonably descriptive images of the
strand arrangement within the tendon. With appropriate calibration (via selection of
representative values of ZH and ZL, with the help of tests conducted in the laboratory
with mockup tendons), the FTIU also reliably detects full voids of dimensions
comparable to the footprint of the capacitive plate and larger. Those voids are flagged
with a sizable amount of red space on the zone between the strand bundle envelope
and the inner surface of the duct. Detection of full voids narrower than the capacitive
plate or wide inner voids (voids present between the strand bundle and the duct but not
reaching all the way to the inner surface of the duct) is limited, and in such cases the
red space in the image is drawn to occupy only a fraction of the region between strand
bundle and duct.
The void detection process can be further refined if there are tendons in a bridge
with previously known regions both with sound grout and with well-defined voids. In
such case the user can image cross-sections of those regions, and experimentally reset
the values of ZH and ZL for optimal thresholding of white and red domain displays. The
FTIU thus calibrated can then be used to more reliably image a group of peer tendons
with unknown conditions. Building on this concept, a fine calibration procedure to
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automatically set the value of ZL (and with ZH set to 2•ZL as a practical choice) has been
implemented in the prototype for use on tendon locations where there is reasonable
expectation of a sound grout condition. In addition, there is an option menu to adjust the
values used for display that can be accessed by the user described in Appendix B.
Detection of high water content grout is mainly an experimental feature given that
such content causes only a fractional reduction in the impedance at the frequency used
in the FTIU. Future development with use of higher (and/or multiple) test frequencies is
anticipated to result in significant improvement [8]. Meanwhile, this feature in its present
form may still produce useful visual detection if there are tendons in a bridge with both
regions of known high moisture grout as well as sound grout. The user can then image
those regions and, analogous to the procedure described above for improved void
detection, experimentally set the value of ZL for optimal thresholding of blue zone
display between the sound and high moisture zones.
The FTIU basic design accommodates tendons 4.5-inch in diameter, with duct
wall thickness of 0.7 cm. Small variations in those values, or the presence of grout with
magnetic properties, can be taken in consideration by changing the user choice
parameter values as described in Appendix B. Design is customizable to accommodate
smaller tendon diameters down to 3.5-inch with minor modifications in the bearing
surface and capacitive plate support. In those cases, the parameter entries can be
readily changed by the user.
It is also noted that this basic system arrangement is not limiting. It is amenable
to expand to the use of multiple magnets and capacitive plates, to allow for faster
operation by reducing or obviating rotation need to produce a cross-section image.
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6.2 Field Results, Additional Laboratory Tests, and Discussion
Figure 12 shows the 12 images generated at Test 1 place on Tendon 402L
described in Chapter 5. The results illustrated the stability of the response under
grounding and wiring variations, as well as repeatability within each row. All images
were successfully acquired with tendon rotations completed within a 10-second period.
All images consistently identified the main pattern of strand locations (green) with a
lopsided strand clustering to one side and top and a matching grout space opposite.
The part of the clustering toward the top is consistent with the proximity and orientation
of the bend of the nearby deviation block. No significant grout voids (which would have
been colored red over a sizable portion of the image) were apparent, with the exception
of vestigial indications as in Figure 13 that may be ascribed to marginal calibration and
ground choices. It is noted that the duct was not breached to verify that interpretation.
Similar reproducibility of results was manifested at the other test places. Figure
13 shows in detail one of the images obtained for the same Tendon 402L, but at the
Test 4 place. Here, the strands tend to cluster toward the bottom of the cross-section,
as would be expected, given the proximity to a block that deviates the strands opposite
to the case in the Test 1 place. As in Test 1 place, there was no strong indication of a
grout void.
Figures 14 and 15 show examples of the tendon cross-sections imaged for
Tendon 401L at the Test 2 and Test 3 places respectively. Reproducibility was
comparable to that seen in the other cases. The strand pattern in the Test 2 place is
less irregular than in the Test 1 place on Tendon 402L, possibly because Tendon 401L
is less strongly deviated than Tendon 402L, as shown in the diagram in Figure 14 of
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Tendon 401L. At the Test 3 place, the cross-section clusters to one side and to the
bottom, consistent with what would be expected from the proximity and orientation of
the nearby deviation block. As in the Tendon 402L cases, none of the places examined
in Tendon 401L yielded any indication of significant void presence.

Figure 12: Images generated at the Test 1 place on Tendon 402L. The strand bundle is
colored green, while sound grout is white. No grout deficiencies were strongly apparent
at this test place. Source: Final Report, Field Demonstration of Tendon Imaging
Methods, FDOT Research Project BDV25-977-52, D. Dukeman, H. Freij, A. Sagüés, C.
Alexander, University of South Florida, July 2019. Reprinted with permission.
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Figure 13: Image generated at the Test 4 place on Tendon 402L.
(032019H_402L_End_14) Minor red domain is not considered a strong indication of
void presence. Source: Final Report, Field Demonstration of Tendon Imaging Methods,
FDOT Research Project BDV25-977-52, D. Dukeman, H. Freij, A. Sagüés, C.
Alexander, University of South Florida, July 2019. Reprinted with permission.

Figure 14: Image generated at the Test 2 place on Tendon 401L.
(032019H_401L_End_1) Source: Final Report, Field Demonstration of Tendon Imaging
Methods, FDOT Research Project BDV25-977-52, D. Dukeman, H. Freij, A. Sagüés, C.
Alexander, University of South Florida, July 2019. Reprinted with permission.
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Figure 15: Image generated at the Test 3 place on Tendon 401L.
(032019H_401L_End_5) Source: Final Report, Field Demonstration of Tendon Imaging
Methods, FDOT Research Project BDV25-977-52, D. Dukeman, H. Freij, A. Sagüés, C.
Alexander, University of South Florida, July 2019. Reprinted with permission.

Since neither of the 2 tendons evaluated in the John Ringling Causeway showed
strong indications of grout deficiencies that permitted demonstrating the ability of the
field unit to identify those defects, reference is made to the following excerpt of material
[8]. Figure 16 exemplifies the results obtained with the field unit placed on a tendon
mockup that incorporates sections of sound grout, a full air void, and a void filled with
unhydrated grout. The figure illustrates the ability of the field unit to recover the strand
pattern as well as the presence and extent of grout deficiencies.
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Figure 16: Example cross-section images from in-house cast phantom tendons. Images
rotated to match orientation of the cross-section diagram. Source: Final Report,
Development of Tendon Imaging Sensor, FDOT Research Project BDV25-977-24, H.
Freij, D. Dukeman, A. Sagüés, C. Alexander, University of South Florida, August 2019.
Reprinted with permission.
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Chapter 7: Conclusions

1. An operating Field Tendon Imaging Unit (FTIU) was designed and constructed. The
FTIU uses impedance and magnetic measurements to produce an image of the
cross-section of an external post-tensioned tendon on a portable computer, flagging
air voids and other deficiencies in the grout portion that is between the outer strand
bundle envelope and the inner surface of the tendon polymer duct. The crosssection image includes the envelope of the strand bundle inside the tendon (from the
magnetic measurements), and a color-coded indication of the condition of the grout
in the space between the strand bundle and the inner surface of the tendon duct
(from the impedance measurements).
2. The FTIU contains a magnet with force sensor and a flexible capacitive plate that
follow the tendon duct perimeter during rotation around the tendon. The system
accommodates external tendons with a 4.5-inch outer diameter. It has a flexible
design to fit other common sizes (e.g. 3.5-inch outer diameter) in bridges. The FTIU
is compact in length and uses a clamshell arrangement to fit around the tendon with
a small (e.g., <1.5- inch) overburden, thus allowing for imaging in tight spaces
without interfering with other tendons or structural members. Robust construction is
suitable for extended field use. The concept is expandable to use of multiple
magnetic and capacitive sensors for faster operation.
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3. The FTIU provided consistent and descriptive images of the strand bundle envelope
within the tendon. With appropriate calibration, the FTIU also reliably imaged full
voids of lateral dimensions comparable to those of the capacitive plate and flagged
those by color-coding the zone between the strand bundle envelope and the inner
surface of the duct. Sensitivity to smaller or internal voids are limited; when detected,
a partial color display scheme is shown. Refined detection can be made if calibration
is possible with a field tendon with known deficiency regions.
4. Detection of high water-content grout is mainly an experimental feature, given that
such content causes only a fractional reduction in the impedance at the frequency
used in the FTIU.
5. The field results demonstrated stability of response under grounding and wiring
variations, as well as repeatability within a given condition. All images were
successfully and rapidly acquired, consistently identifying the main pattern of strand
locations for a given test place. The FTIU retained physical integrity through
extensive repeat field testing, and no breakdown or need for repair took place.
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Appendix A: Copyright Permissions

The permission below is for the use of Figure 2 in this thesis.
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The permission below is for the use of all other figures in this thesis that are from
FDOT final reports prepared at the University of South Florida.
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